literature and on the Internet.
For instance, in medical device R&D it is used as a quick guideline for polymer screening. However, it should be remembered that the equation is purely phenomenological, i.e., it has some predictive value but has no theoretical or scientific foundation. Thus, we do not concur with the often seen views that [2] - [5] :
1) The eq. (1) version is based on the Arrhenius equation.
2) The rate always doubles for every 10 • C temperature increase. 3) For a given reaction/aging the rule is valid at all reference temperatures T 1 . We think, that also just as a guideline, the rule may be too broadly relied on and that this may result in inaccurate thermal aging rate estimates. Therefore and generally, we believe that there is a need for our critical review and analysis of the simple empirical rule. It is especially critical that the rule has entered medical device standards [3] , [6] without a more critical analysis on the accuracy, as also pointed out by Lambert and Tang [5] , who also made an analysis on the temperature independence of the rule. Here, Van't Hoff is correctly attributed to the rule. However, his detailed observations are not quoted, which also here leads to the first two views mentioned above.
Below, the background and limitations for the 10 • C rule are analyzed. Furthermore, a new and better guideline rule based on the Arrhenius equation and thus exhibiting reference temperature T 1 dependence is proposed. The rule analysis is based on a comparison with Arrhenius equation reaction rate ratio behavior as a standard and here the term "aging" includes any process, also physical, which can be thermally accelerated and which obeys the Arrhenius equation. It is also important to note that the analysis is limited to normal temperatures defined to be 25 • C -70 • C because probably the rule has it origin from most observations here, but also because this interval is often used in medical device testing. The analysis is limited to single processes and temperature intervals where the polymer exhibits no transitions in phase or aging mechanism, i.e., activation energy. We use eV as the activation energy unit in all calculations. In the polymer aging litterature the SI unit kJ/mol is also frequently used. For those feeling more comfortable with that unit the conversion is 1 eV = 96 kJ/mol.
II. EMPIRICAL AND THEORETICAL FOUNDATION OF THE RULE

A. The Origin of the 10-Degree Rule
In the literature the 10-degree rule is also called the Q 10 rule, the RGT-rule (ReaktionsGeschwindigkeit-Temperatur-rule) [7] and the Van't Hoff's rule [8] and is usually written like in eq. (2) .
The latter name is perhaps the most adequate because it was Jacobus Hendricus Van't Hoff, the first Nobel Prize winner in chemistry, who discovered the rule in 1896 [9] - [12] . In his own words [9] : "The great majority of cases which have as yet been investigated in this direction have been studied in the interval of temperature lying between 0 • C and 184 • C and it is very striking that the ratio of the velocity constants for two temperatures differing by 10 degrees has a value between 2 and 3 approximately. In other words, a rise of temperature of 10 • C doubles or trebles the velocity of a reaction." Van't Hoff then refers to a table in the text where actually, to be more accurate, the ratio for different reactions varies between 1.89 and 3.63. Here, the main thing to note is that Van't Hoff is not saying that the ratio is always 2, but that it varies between approximately 2 and 3. Then more correctly the Q 10 rule eq. (2) should be:
1) Semi-Empirical Analysis of the Rule's Temperature Dependence: Van't Hoff proved from thermodynamics that the temperature dependence of the chemical reaction rate must be described by his equation (the Van't Hoff equation) from 1884 [13] where A and B are constants:
Van't Hoff notes that the observed 10 • C rule behavior is well described by Berthelot's equation from 1862, which correspond to putting A = 0 in Van't Hoff's equation and integrate:
So, according to Berthelot, taking the ratio of the rate constants at two different absolute temperatures T 2 > T 1 , T = T 2 − T 1 we get:
which would mean that reaction rate ratios, in contradiction with experiments, exhibit no reference temperature T 1 dependence. However, eq. (5) "reproduces the chief characteristic of the relation between velocity of a reaction and temperature, which is that if the temperatures form an arithmetical series, the rates of change at these temperatures will form a geometrical series" [9] . This is also explained by Stuart [14] and Cossins [15] . Due to this behavior, Bertheloth's equation (5) was not only believed for a long time as stated by Laidler [10] but is actually still to a large extent believed, which can be seen from the similarity of eq. (1) and eq. (6) .
Svante Arrhenius found 1889 experimentally [16] , that B = 0 and contributed theoretically to the understanding of reaction rates with basic ideas about the transition state concept of the reaction activation energy E a in A = E A k B where k B is Boltzman's constant (8.617 · 10 −5 eV/K), leading to the the Van't Hoff equation in the form:
and after integration the famous Arrhenius equation:
Van't Hoff was aware that the activation energy is slightly temperature dependent but Arrhenius assumed no such temperature dependence. Many other mathematical expressions were suggested to account for the temperature dependence of reaction rates around that time, but without including any theory. Using eq. (8), the ratio ρ of rate constants at two different absolute temperatures (9) which is dependent on the reference temperature T 1 . The graph in Fig. 1 depicts this ratio as a function of T 1 = T 2 − T and E A where T = 10 • C. Clearly, ρ decreases with increasing T 1 and increases with increasing E a . Van't Hoff's observation was, that for reactions corresponding to E A 's in Fig. 1 , the average of ρ values for T = 10 • C steps over different temperature intervals is approximately 2 to 3. Looking closer at Fig. 1 , it can be seen that the range of ρ's for the same increase of T 1 , increases with E A .
Already in 1912, 16 years after Van't Hoff's discovery of the rule, the misconceptions were widespread, mainly due to physiologists "who like to make use of the temperature coefficient in order to decide from its magnitude whether a given process is chemical or physical" [14] . Thus, low Q 10 values in the interval [1, 2] indicate physical processes like diffusion, osmosis etc. rather than, e.g., chemical metabolism processes (Q 10 ∈ [2, 3]). However, these intervals depend on the reference temperature T 1 . Note here, that to the left in Fig. 1 , the surface cut at T 1 = 25 • C shows the course of ρ 25 • C lying approximately in the interval [1, 3] . Stuart [14] also gives a functional behavior analysis demonstrating the temperature dependence of the rule. Besides our work, the rule analyses by Hukins et al. [2] , Lambert and Tang [5] and Stuart [14] are the only others known to us. 
III. AVERAGE RATE RATIOS
Since the 10 • C rule, eq. (1), is an empirical rule, it is based on average reaction/process observations and more theoretically an average of ρ(T 1 , T, E a ) presuming the Arrhenius reaction rate equation eq. (8) applies. Note, that Van't Hoff's finding, that for different reactions (E A 's) ρ ∈ [2, 3] for T = 10 • C, was also based on T = 10 • C increment averages over different temperature intervals. However, he did not make averages over different E A 's as we have done. But why is the quotient in eq. (2), which has been the prevailing version of the rule for more than 100 years, then not any other number than 2 in this interval? It is most likely because his observation was based on a limited number of reactions/processes compared to a much broader later use of the rule [14] . Note already here, that if we simply include low E A reactions and physical processes, then ρ ∈ [1, 3] for which the median is 2.
A. Range of Aging Activation Energies
Today E A 's for many more reactions and physical processes are known. Here, this will be used to study the validity of the rule, eq. (2), by analyzing averages of ρ. Polymers degrade in many different ways under normal service exposure to temperature, humidity, radiation and chemicals [17] - [21] . This may explain why it has not been possible to find any general statements about typical polymer aging activation energies. However, below it is demonstrated, that from theory and several chemical and physical observations, there are good indications that the interval 0.1 eV -0.9 eV is valid for aging of polymers and other materials as well in the typical temperature interval 25 • C -70 • C.
1) Chemical Reactions:
The chemical reactions considered here involve a transition or activated state which implies activation energies lower than the energy of the bonds broken in the reactions. This is because in one process, i.e., the transition state, the energy required for the breaking of bonds is partly compensated for by the energy gained by new bonds being formed [22] . Average chemical bond energies can be found in many textbooks [23] , handbooks [24] and are usually in the range 1.5 eV -9 eV. A reliable source of kinetic data for numerous specific reactions including activation energies is the National Institute of Standards and Technology (NIST) [25] .
The activation energy has been found theoretically to be the average total energy, translational plus internal, of all reacting pairs of reactants minus the average total energy of all pairs of reactants [26] , [27] . Catalysts for chemical reactions work by lowering E A , i.e., this energy difference. The short distance interactions responsible for the E A lowering in condensed matter are not present to the same extent in gasses where activation energies are higher, usually 0.8 eV -4 eV [12] . Note, that the average molecular kinetic/thermal energy at room temperature T = 300 K is only 3 2 k B T = 0.04 eV. The information below concerns solid or liquid state changes only. Thus, E A 's range from a few hundredths eV to chemical bond energies [28] , [29] at around 1.5 eV.
a) Activation energies from Van't Hoff's rule: By combining Van't Hoff's observations and eq. (9) we get for
b) Polymers: Many E A 's for polymer degradation under different test conditions have been published. Most values seem to come from microelectronic component testing (see below) where electric functionality failure is used to indirectly determine polymer degradation E A 's. Here, a short overview is given on results from some tests made directly on the polymers.
According to Mott and Roland [30] the aging E A for natural rubber in air and seawater is 0.93 eV and 0.65 eV respectively. Degradation was detected by observing changes in elongation to failure. The difference was linked to the differences in oxygen concentration in the two environments. Degradation as a function of temperature for PU, EPDM and butyl rubber elastomers has been tested by monitoring oxygen consumption [31] . The range of E A for these elastomers was found to be 0.62 eV to 0.81 eV in the temperature range 25 • C to 80 • C. In this reference the authors have also collected similar independent data on degradation of PP. This overview shows that activation E A 's for thermo-oxidative degradation of PP are in the range 0.37 eV to 0.51 eV for test temperatures below 80 • C. Activation energies between 0.04 eV and 0.99 eV for a number of different PA66 degradation mechanisms are mentioned by Gonçalves et al. [32] . The degradation of PC films in water at temperatures between 70 • C and 90 • C has been studied by observing 50 % reduction in strain to break [33] . The corresponding activation energy was found to be 0.71 eV. Pickett and Sargent [34] found that yellowing or gloss loss due to weathering have activation energies 0 eV to 0.31 eV for many aromatic thermoplastic polymers.
Polymerization/depolymerization activation energies may give an indication of involved activation energies in polymer degradation with absence of external molecules. In free radical polymerization
where E D , E P , E T are the activation energies for initiation (photoinitiator decomposition), propagation and termination respectively. Photopolymerization reactions which do not involve a temperature dependent initiation (no E D ∈ [1.30 eV, 1.76 eV] term) have typical E A 's in the range 0.22 eV to 0.26 eV [35] , [36] . Cationic polymerization activation energies E A = E I +E P −E T where E I , E P , E T are the initiation, propagation and termination components, are typically in the range −0.42 eV to 0.62 eV [36] . Depolymerization activation energies are normally 0.43 eV to 1.13 eV [35] . c) Microelectronics: According to a list made by Lall [37] [38] . The author of this book has a background from the electronics industry and thus the book is clearly biased in that direction. Activation energies for polymer degradation are not mentioned by Lall [37] and McPherson [38] , but since many different materials are used in microelectronics, also polymers, E A ≈ 1 eV is probably also quite valid for polymers used in this industry, which are typically epoxies. This is well supported by Hallberg and Peck [39] who found an average value for long lived epoxy molded chips to be 0.9 eV. Note, that most microelectronics polymer degradation activation energies are found indirectly by observing the time to device or component electrical failure. This means that the observed values may be composite apparent activation energies [40] . Similar E A 's can be found for, e.g., polymers like EVA typically used in photovoltaic modules. A literature survey has been made, which indicate that for these polymers E A ∈ [0.31 eV, 0.62 eV] for photochemical degradation processes and E A ∈ [0.62 eV, 0.93 eV] for thermal degradation processes [41] .
Today, in accordance with microelectronics standards, the activation energy is estimated to be 0.7 eV if it is unknown. Interestingly, this estimate has increased from approx. 0.4 eV over the years, which is probably due to higher materials purity, better product designs etc. [42] .
d) Biology and environment: A thorough statistical study on the variation of activation energies for important metabolic reactions across different species is provided Dell et al. [43] . From the large amount of data they found that E A ∈ [0.2 eV, 1.2 eV] with a mean value of 0.65 eV.
Transformation rates of pesticides in soil is dealt with by the European Food Safety Authority (EFSA) [44] . The median E A for all such compounds has been found to be 0.68 eV. Further, it is found that that there is 90 % probability that the median E A is in the interval [0.47 eV, 0.97 eV]. e) Geology: According to Wolery [45] typical chemical reaction activation energies are 0.42 eV -0.83 eV. However, it is not clear whether this is a statement only valid for certain geochemical reactions. 
2) Physical Chemistry: a) Polymer cohesion:
The properties of polymers are often strongly affected by the presence of solvents. As a solvent penetrates a thermoplastic amorphous polymer it may degrade by swelling or dissolution. The polymer dissolution activation energy E A is determined by [46] :
where E COH , δ, V M , H VAP are the polymer cohesion energy, total solubility parameter, molar volume and enthalpy of vaporization respectively. Polymer dissolution activation energies for a range of common amorphous and semi-crystalline polymers are given in Table I .
3) Physical Processes: a) Relaxation:
The importance of relaxation related aging is often underestimated. For example, it is our experience that the stability of Polymer Optical Fiber (POF) sensors based on inscribed Fiber Bragg Gratings (FBGs) is very dependent on whether the POF has been annealed or solvent exposure relaxed [47] - [51] . Also, we have observed severe crazing on un-relaxed POF surfaces when exposed to certain solvents. However, if the fibers are relaxed prior to exposure by annealing for a couple of days close to the T g of the polymer or by storage at room temperature for some months, we observe no crazing.
According to Mark [52] typical low temperature polymer relaxation activation energies are 0.10 eV -0.83 eV. Conformational changes in polymers which may be related to relaxation physical aging have activation energies around 0.1 eV -0.23 eV [53] , [54] . b) Diffusion: Many chemical and physical degradation modes like for instance oxygenation and solvent plasticization are diffusion limited [1] , [18] , [55] - [57] . Note, that eq. (9) is also valid when replacing the rate constant k with diffusivities D. For diffusion processes in polymers typical activation energies below T g are 0.26 eV -0.52 eV. Above T g they can be be much higher [58] .
B. Range of Temperatures for Accelerated Medical Device Polymer Degradation Tests
Temperatures for accelerated polymer testing should not be so far from the application temperature range that degradation mechanisms change because this will result in uncertain predictions. Further, for predictions based on Arrhenius plots, temperature intervals which include no materials transitions like T g should be used. Degradation mechanism changes may lead to curvature in Arrhenius plots already around 60 • C to 80 • C like for the elastomers and PP studied by Celina [18] . Above these temperatures E A 's are higher. Deviation from straight line Arrhenius plot behavior for PP starts already at 70 • C [59] . Thus, it has been generally accepted that a good temperature interval for medical device polymer testing is approximately 25 • C to 60 • C which is also used in standards [3] , [6] .
C. Averages of ρ
From the preceding sections it follows that most medical device thermally accelerated polymer aging studies are made in the region Q = [25
Assuming that the average of ρ over this region represents average observations, it can be used as an indication of how well the 10 • C rule can be used in general. For each T the average is:
where S is the surface in Fig. 1 defined by ρ over Q, T 1 is the reference temperature in Kelvin and σ T is:
Another approach is to suggest that a reaction rate ratio estimate at a certain reference temperature T 1 and T in case of unknown activation energy should be based on an average of eq. (9) over typical activation energies according to: 
IV. ANALYSIS
All calculations in this analysis were made with Maple 2018. By looking at the ρ surface in Fig. 1, both eqs. (12) , (14) seem as promising candidates to explain the Q 10 = 2 rule. Table 14 finds extra support from Fig. 1 because ρ ∈ [1, 3] for T 1 = 25 • C and T = 10 • C in good agreement with observations. Table II This result is strongly dependent on the E a interval ρ is averaged over and therefore the rule's empirical success supports the suggestion that typically E A ∈ [0.1 eV, 0.9 eV]. This is also the case at other T 1 's as activation energies are only weakly temperature dependent [28] . From the survey of available E A data it also seems that the interval is especially well documented for polymers. Also, the suggested interval of most common activation energies E A ∈ [0.1 eV, 0. The activation energy E a = 0.55 eV is often mentioned as the activation energy for a reaction which doubles its rate when the temperature is increased by 10 • C [60] . This value is found by just equating the 10 • C rule eq. (1) with eq. (9) at T 1 = 25 • C, T = 10 • C see eq. (10) and not using that for T = 20 • C the reaction rate is four times higher and so on. To obtain a better activation energy estimate for a reaction which follows the 10 • C rule, the Arrhenius expression eq. (9) can be fitted to rule data. Lambert and Tang [5] have attempted this for Q 10 = 2 aging with T 1 = 25 • C and T = {10 • C, 20 • C, 30 • C, 40 • C} up to a maximum temperature of 65 • C. Here, the activation energy found was 0.59 eV. The argument for limiting the range to 65 • C is not that this gives a good general E A estimate to use if the real value is unknown, but that this is the maximum used in medical device testing [6] . However, the application in a narrow interval should not influence the temperature interval to find the best fit apparent E A . Note namely, that the E A calculated by such fitting is strongly dependent on the used T range, which is also found by Lambert and Tang [5] , where a fit up to 135 • C is also made, giving E A = 0.73 eV. However, it is not commented that for the same reaction mechanism, E A does almost not vary with temperature. The variation with temperature is actually experimentally undetectable [28] . Hence, there is a need for a single more broadly applicable E A estimate, i.e., one that holds reasonably well for a wider T range starting from 25 • C and which can therefore be used as a best guess if the real value is unknown. Our finding, that according to the Arrhenius reaction rate ratio, the 10 • C rule is most valid for T 1 = 25 • C and T = {10 • C, 20 • C, 80 • C}, Figs. 2-4 , suggests that a good rule of thumb E A value can be found using these inputs for fitting, see the result in Fig. 5 . From the fit we get E Rule A = 0.67 eV. The correlation coefficient for the two sets of data for T = {10 • C, 20 • C, 80 • C} is 0.9963. The correlation coefficient can of cause get closer to 1 using a more narrow low end T interval for the fit, but as indicated earlier, that will be at the expense of very bad V. CONCLUSION First, we note that although frequently claimed, the 10 • C rule eq. (1) cannot be derived from the Arrhenius rate ratio equation (9) . Further, under the (not always valid) assumption that an aging process exhibits Arrhenius behavior, we conclude that:
• It is therefore recommended to use this equation as a guideline in thermal acceleration of medical device polymer aging instead of the 10 • C rule, especially when using other reference temperatures than T 1 = 25 • C.
• Best agreement between the 10 • C rule and the reaction rate ratio eq. (9) based on the Arrhenius equation using the reference temperature 25 • C, is achieved with an aging activation energy E Rule A = 0.67 eV. By this, we hope to have contributed to a better understanding of the background and limitations of the widely used 10 • C rule.
